We study the possibility of achieving baryon asymmetry explanation and detectable gravitational wave from the Electroweak phase transition with two Higgs doublet models. With the type-I and type-II 2HDM, we found that it is hard to account for the observed baryon asymmetry of the Universe with the non-local Electroweak baryogenesis, and current theoretical and experimental bounds make most parameter spaces fail to produce detectable gravitational waves. We find that it is possible to address baryon asymmetry of the Universe and predict detectable gravitational wave during the phase transition with local Electroweak baryogengesis after considering the CP-violation magnitude allowed by the current electron electric dipole moment measurements.
Introduction. The Baryon asymmetry of the Universe (BAU) is usually characterized by the baryon-to-entropy ratio, which has been measured to a high precision by Planck [1] , η B = n B s = (8.61 ± 0.09) × 10 −11 (1) with n B and s being the densities of baryon number and entropy of the Universe. The Electroweak baryogenesis (EWBG), as one of the leading mechanism to explain the Baryon asymmetry of the Universe [2, 3] , necessitates a strongly first order Electroweak phase transition that helps to realize the electroweak symmetry breaking as the Universe cools down. The produced gravitational waves might be able to be detected at spacebased interferometer, such as LISA [4] , DECIGO [5] , TianQin [6] , and Taiji [7] , together with the accompanied Higgs potential to be probed by the future high energy colliders through Higgs pairs searches [3] . The usually adopted strongly first order phase transition condition comes from the requirement of baryon number preservation criterion (BNPC) [2, 8] , which states that the Electroweak sphaleron process inside the Electroweak vacuum bubble (broken phase) should be sufficiently quenched [2, 8, 9] . According to the Sakharov's condition [10] , the CP-violation beyond Standard model is the other crucial ingredient to address the BAU puzzle. The CP-violation phase suffers highly constraints with the increasing precision of Electric dipole moment (EDM) measurements as explored in Ref. [11] , and the ACME further improve the sensitivity to the CP violations beyond the Standard Model through the measure of electron EDM [12] . The conventionally adopt EWBG mechanism with chiral transport equations is historically called nonlocal baryogenesis, which has been studied and developed extensively (See Ref. [2] for a recent review). The local baryogenesis mechanism refers to baryon numbers producing as the Electoweak sphaleron processes and CP violating processes occur simultaneously near the bubble walls [13] . The nonlocal EWBG through one-step Electroweak phase transition usually requires a subsonic bub-ble wall velocity [77] . On the other hand, previous studies of the bubble wall velocity taking into account the microphysics and hydrodynamics indicate that the a large wall velocity corresponds to a strong phase transition [14] [15] [16] [17] [18] [19] , and a relativistic wall velocity is needed to produce a detectable gravitational wave signal from the Electroweak phase transition [20, 21] . The study of Ref. [22] shows out that the local baryogenesis dominates when one have a wall supersonic velocity, and the nonlocal baryogenesis dominates for a much slower wall velocity. It hints that the local baryogenesis might be able to explain the BAU puzzle with prediction of the detectable gravitational waves at Electroweak phase transition simultaneously and consistently.
Previously, the two Higgs doublet model (2HDM) has been considered as a good and renormalizable candidate to address BAU problem through nonlocal EWBG [23, 24] and challenged by Ref [25] , especially when one considering a stronger phase transition that can predict detectable gravitational waves. Recent study of Electroweak phase transition in the 2HDM [26] [27] [28] [29] shows that a stronger phase transition prefer a large mass splitting between the heavy CP-even and CP-odd Higgs. In this work, we are going to study the baryon asymmetry generation through nonlocal and local EWBG mechanisms, and gravitational waves production from the strongly first-order Electroweak phase transition in the 2HDM. We first check the bubble nucleation and strongly first order Electroweak phase transition conditions with the CP-conserving near alignment type-I and type-II 2HDM. The Electroweak sphaleron energy at the nucleation temperature is found to close to the SM scenario with the increase of the phase transition strength, where one may have detectable gravitational waves [78] . We find that the strongly first-order Electroweak phase transition parameter space does not overlap with the parameter spaces that allowed the EDM cancellations [30, 31] , and therefore it is not easy to get the observed BAU with the nonlocal EWBG mechanism. Our study shows that the observed baryon number can be obtained with the local baryogen-gesis during the Electroweak phase transition process, and that one can reach the BAU explanation and have a detectable gravitational wave signal production even after considering the strongest bounds on CP-violation from the latest electron EDM measurements performed by ACME collaboration [12] . BNPC and SFOEWPT. When the temperature of the Universe further cools down after the critical temperature T c (where one has the degeneracy of the true and the false vacuum), one may have vacuum bubble nucleations, expansions and collisions, and therefore gravitational waves production from the strongly first-order Electroweak phase transition process. We work within the CP conserving framework since the CP violation allowed by the EDM experiments is believed to have negligible effects on the phase transition dynamics [23, 26, 32] . We adopt the first-order Electroweak phase transition points with v c /T c > 1 and all theoretical and experimental constraints are imposed as in Ref. [29] . We present the phase transition strength distribution as functions of extra Higgs masses splitting in Fig 1. The tendency of the figure reflects the Electroweak precision bounds and the alignment assumptions [29] . In comparison with the type-I 2HDM, the type-II scenario suffers more server experimental constraints (especially the measurement of B → X s γ), we therefore have rare possibility to achieve bubble nucleation with relatively large phase transition strength. To check the baryon number preservation criterion (BNPC), which is crucial for the successful baryon asymmetry generation with EWBG [2, 8] , we define the quantity of P T sph as in Ref. [33] ,
and quantitively evaluate it's relation with the Electroweak sphaleron energy inside the vacuum bubble. In Fig. 2 , we present the relation among Electroweak sphaleron energy E sph (T ), phase transition strength v(T )/T , and the quantity of P T sph within 2HDM. The Electroweak sphaleron energy tends to close to the SM Electroweak sphaleron energy E SM sph ∼ 1.91 × 4πv/g with increase of phase transition strength, where one have a large P T sph . Due to the type-I 2HDM can have a much stronger phase transition strength, one generally have a much larger value of P T sph . The BNPC is met when the sphaleron rate in the broken phase is lower than the Hubble expansion rate [34, 35] [79],
with the numerical range in the right hand corresponds to the fluctuation determinant uncertainty κ = (10 −4 − 10 −1 ) [9] and is comparable with the uncertainty coming from the numerical lattice simulation of the sphaleron rate at the Standard Model Electroweak crossover [36] . Electroweak Baryogenesis. We now study the realization of EWBG during the Electroweak phase transition. We first investigate the nonlocal EWBG situation under the current EDM experiments. During a strongly first-order Electroweak phase transition, the effective top quark mass embraces a space-time dependent phase varying across the slow bubble wall [80] and thus leads to a CPV source term [37, 38] 
which depends on the bubble wall velocity and wall width calculation based on microphysics and hydrodynamics, the VEV's phase across the wall ∆θ relay on phase transition dynamics when the CP violation shows up. Previous studies of Ref. [30] shows that it is possible to achieve the observed baryon asymmetry to entropy density ratio by the CPV source driven weak sphaleron process outside the bubble wall. The CPV phase ∆θ is supposed to have a similar size with the zero temperature phase ξ [23, 39] , i.e., ∆θ ≈ α b ∼ 0.1 is required to ensure enough BAU generation. The cancellation mechanism studied in Ref [30, 31, 40] is necessary to evade the server bounds from the current ACME EDM constraints [12] . On the other hand, for the strongly first order Electroweak phase transition points as depicted in Fig. 1 , there wouldn't be cancellation driven by the mixing of the CP-odd and CP-even heavy Higgses due to the large mass splitting between the two [40] . Therefore, it highly lower the possibility to explain the BAU with the nonlocal EWBG in 2HDM. We further note that nonlocal baryogenesis requires a relatively slow subsonic bubble walls, i.e., typically v w ∼ O(10 −2 ) [81] , to ensure there is enough time for the CP violating diffusion processes to generate chiral asymmetry ahead of the bubble which will be converted into net baryon asymmetry by the Electroweak sphaleron in the symmetric phase [2] .
Refs. [41, 42] propose to generate the baryon asymmetry with the parity breaking term after integrate out the top quark. After taking into account the present lattice simulation of the sphaleron rate in the symmetric phase [36] , the baryon asymmetry can be estimated as [43] ,
with N ef f ≈ 100 during the phase transition, and α w = g 2 /(4π), α(T n ) = arctan(m 2 h (T n )/m 2 H (T n )) [44, 45] , v 1 = v cos β and v 2 = v sin β, with the prefactor of the sphaleron in the symmetric phase κ ∼ (18 ± 3) [36] [82] . Previous calculations require the CPV for this kind of baryogenesis should be of the size λ CP ∼ O(10 −2 ) [43, 46] . With the α(T n ) calculated at the bubble nucleation temperature from previous sections, we estimate the baryon asymmetry by assuming 10 −3 < λ CP < 10 −1 and 15 < κ < 27 based on the lattice simulations in Refs [47] [48] [49] [50] . The result is shown in Fig. 3 , which depicts that the BAU problem can be addressed more easy with the local baryogenesis in type-I 2HDM even the CPviolation is of order λ CP ∼ O(10 −3 ). In comparison with type-II 2HDM, a much stronger phase transition with a much larger tan β can help to obtain the correct BAU in the type-I 2HDM. The CP violation phase leads to the Barr-Zee diagram which dominate the contributions to electron EDM [51] ,
with [46] |Im
where the ∆M 2 is the mass difference between the CP-even and CP-odd Higgs masses. In the Type-I 2HDM, the ∆M 2 ∼ O(10 4 ) as indicated by Table. I and Fig. 1 , the λ CP ∼ O(10 −3 − 10 −2 ) is allowed even without considering the EDMs cancellation mechanism [11, 30, 31, 40] , thus can evade server bounds from ACME measurement of the current electron EDM [12] : |d e | < 1.1 × 10 −29 e cm at 90% confidence level (C.L.). The CP violation magnitude λ CP = 2Re(λ 5 ) sin 2ξ in the convention of Ref. [11, 52, 53] . Gravitational Wave. In Fig.4 , we present the three crucial parameters for the gravitational wave predictions from Electroweak phase transition with the 2HDM, i.e., (α,β/H n , T n ). Where the parameter α is the latent heat released during the phase transition, which reflect the phase transition strength. The β is the inverse duration of the phase transition. Both the two parameters are evaluated after solving the bounce at the bubble nucleation temperature T n [54] [55] [56] . The plot depicts that: 1) With the decrease of the nucleation temperature T n , one have decrease of β/H n and increase of α, where one may have a large magnitude of gravitational wave from the Electroweak phase transition; 2) In type-I, one can has a larger possibility to achieve a large α and low β/H n with low bubble nucleation temperature. We observe that we have a stronger with relatively large α and small β/H n for these Electroweak phase transition points. Another crucial parameter for the gravitational wave prediction from the phase transition is the wall velocity. Generally, the measurable of the gravitational waves from the phase transition requires a relativistic or ultrarelativistic bubble walls [83] . The gravitational wave prediction from the 2HDM Electroweak phase transition is shown in Fig. 5 , with benchmarks given by the Table. I. Where the sound wave dominates all the gravitational wave sources and the wall velocity determines the amplitude and the peak of the sound wave spectrum. A lower wall velocity leads to a lower magnitude and a lower frequency of the peak of the gravitational wave spectrum, while its necessary for the nonlocal EWBG. The wall width would be thickness for the relevant non-local baryogenesis, and supercooling case with large α embracing thin wall does not happen in this study. The local EWBG can be realized with a supersonic or even runaway wall velocity needed for detectable gravitational wave from a strongly first order Electroweak phase transition. Concluding remark. Previous studies show that large scalar quartic couplings and narrow wall width is necessary for successful nonlocal EWBG [25, 39, 57] in the 2HDM. Where, the lattice simulation is not valid anymore [32, 58] . With the accumulation of experimental bounds, including LHC, B→ X s γ, and especially the electric EDM measurements from the ACME, it is urgent to study if it is possible to account for both the EWBG and gravitational wave simultaneously within the model. We first check the baryon number preserve criteria through examining the relation between the phase transition strength and the Electroweak sphaleron energy during the phase transition process, and therefore obtain the strongly first order phase transition condition fulfilling the non-equilibrium condition of the Shakharov Condition for EWBG within 2HDM. We then perform the study of the three crucial parameters for gravitational wave production from Electroweak phase transition with the 2HDM. The CP-violation bounds from the electron EDM extremely reduce the possibility to achieve the correct BAU with nonlocal EWBG during the strongly first order phase transition, which requires a slow wall velocity to ensure the chiral asymmetry generation before the Electroweak sphaleron process, while the detectable gravitational wave from the Electroweak phase transition requires a strong phase transition with a relatively much larger wall velocity. The local baryogenesis is found to be able to explain the BAU under the current electron EDM experiments limit, with a detectable gravitational wave signal can be produced from the strongly first order phase transition. Further improvement of the sensitivity of the EDM measurements, together with the collider searches of CP-violation is able to test the scenario, see Ref. [59] for a latest combined limit on the CP-violation in the Higgs-gauge interactions. The BAU explanation with the local baryogenesis in this study does not rely on the assumption of difference between v w and the velocity used in baryogenesis calculations as explored in [60] [61] [62] and reference therein. The exact calculation of v w with microphysics and hydrodynamics and the lattice simulation of the Electroweak sphaleron rate in the symmetric and broken phase during the phase transition are the two crucial ingredients to settle down if the BAU explanation through EWBG is possible. madsh, Archil Kobakhidze, David E. Morrissey, Antonio Riotto, Michael Dine, Thomas Konstandin, Mark Trodden, Lauri Niemi, Kari Rummukainen, Jonathan Kozaczuk, Wouter Dekens, Xucheng Gan, Jiang-Hao Yu and Huai-Ke Guo for conversation and enlightenment discussions.
Supplemental material
One crucial parameter for the gravitational wave spectra is α, which defines the energy density released from phase transition normalized by the total radiation energy density, i.e.,
with the radiation energy density of the bath or the plasma background ρ R being given by
Where, g is the the effective number of degrees of freedom at the plasma temperature T (when one have the phase transition finished), which is approximately equivalent to the nucleation temperature T ≈ T n for the transition without significant reheating [20] . And, the parameter ∆ρ is the latent heat from the phase transition [84] . The other crucial parameter β characterizes the inverse time duration of the phase transition, which is defined as
where, H n is the Hubble constant at the nucleation temperature T n . In this study, we consider the sound waves in the plasma [63, 64] and the magnetohydrodynamic turbulence (MHD) [63, 64] that are believed to dominate the gravitational wave production during the phase transition, with the energy density spectrum from the sound waves simulated by the sound-shell model [64] . The Electroweak sphaleron in the CP-violation 2HDM at zero temperature has also been studied previous at zero temperature, see Ref [65, 66] . Since the CP-violation operators have null contributions to the sphaleron energy [35] and also phase transition dynamics as previous studies, we therefore perform the Electroweak sphaleron calculations inside the vacuum bubble with CP-conserving 2HDM. In this study, we employ the spherically symmetric ansatz and conduct the Electroweak sphaleron energy closely following the approach given in Ref. [67, 68] . The configuration space are spanned by the following functions:
where A i are SU(2) gauge fields, A i = 1 2 A a i τ a , v = v 2 1 + v 2 2 , and U (θ, φ) is defined as U (θ, φ) = cos θ e iφ sin θ −e −iφ sin θ cos θ ,
Adopting the A 0 = 0 gauge, the Electroweak sphaleron energy function can be obtained as:
where ξ = gvr. From Eq. (15), the equations of motion are found to be
with following boundary conditions should be satisfied: The Electroweak sphaleron energy at finite temperature during the phase transition process (E sph (T )) can be obtained with the replacement of the prefactor of 4πv g of E sph [f, h 1 , h 2 ] given in Eq.15: v → v(T n ) [8] . In Fig. 6 , we show the Electroweak sphaleron energy as a function of temperature, with temperature T ≤ T c . It demonstrate that the Electroweak sphaleron process would be highly suppressed in low temperatures after symmetry broken.
